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Abstract 
The crystal structure of the modified unsymmetrically N, N-substituted 
viologen chromophore, N-ethyl- N-(2-phosphonoethyl)-4, 4-bipyridinium 
dichloride 0.75 hydrate. (1) has been determined. Crystals are triclinic, space 
group P-1 with Z = 2 in a cell with a = 7.2550(1), b = 13.2038(5), c = 
18.5752(7) Å, α = 86.495(3), β = 83.527(2), γ = 88.921(2)o. The two 
independent but pseudo-symmetrically related cations in the asymmetric unit 
form one-dimensional hydrogen-bonded chains through short homomeric 
phosphonic acid O-H...O links [2.455(4), 2.464(4) Å] while two of the chloride 
anions are similarly strongly linked to phosphonic acid groups [O-H…Cl, 
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2.889(4), 2.896(4) Å].  The other two chloride anions together with the two 
water molecules of solvation (one with partial occupancy) form unusual  cyclic 
hydrogen-bonded bis(Cl...water) dianion units which lie between the layers of 
bipyridylium rings of the cation chain structures with which they are weakly 
associated. 
 
Key Words: viologens; 4, 4-bipyridine dications; electron-transfer compounds; 
crystal structure; hydrogen bonding.  
Running Title: 
Asymmetric associative-group substituted viologens  
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Introduction. 
 
Viologens are quaternary salts derived from 4,4-bipyridine, the name being 
given by Michaelis [1, 2]
 
for a range of N,N-disubstituted-4,4-bipyridinium 
dications.
 
The most common of these types of compound are the dimethyl-, 
diethyl-, dibetaine- and dibenzylviologens [3],
 
the dimethyl analogue (MV), as 
the dichloride finding commercial use as the particularly potent but very toxic 
water soluble commercial herbicide paraquat (Gramoxone).  
 
INSERT 1   Schematic of paraquat etc (EVP.eps) 
These usually colourless compounds are also chromophoric having intense 
coloration in the reduced monocationic forms. More recently, interest has been 
on the electron-transfer properties of these compounds [4-8],
 
with applications 
such as materials for use in electrochromic displays [9, 10], and in optically 
switchable devices [11-13].  Cinnsealach et al. have also reported the use of 
modified viologens as redox chromophores [9]. Among these is the 
unsymmetrically N, N-substituted viologen 
NethylN(2phosphonoethyl)4,4bipyridylium dichloride (EVP), one of a 
series of such compounds having interactive functional groups which allow 
binding to nanostructured electrode surfaces while sharing the redox properties 
of the parent viologen (e.g. MV) while also functioning as  an electrochemically 
switchable chromophore .  
 6 
While the solid-state structures of a number of N-substituted viologens have 
been determined {e.g. paraquat: the solvent-free dichloride, which is 
isomorphous with the dibromide and the diiodide [14], two polymorphs of the 
dichloride dihydrate, one triclinic [15] and other orthorhombic [16], the 
dichloride trihydrate [17]
 
and the bis(triiodide) [18]}, the structure of a 
phosphonic acid enhanced viologen has not been reported.  
The determination of the structure of the hydrated EVP reported here, N-ethyl-
N(2phosphonoethyl)4,4bipyridylium dichloride 0.75 hydrate (1) was 
possible using suitable crystals obtained by recrystallization of the parent 
compound from ethanol containing a trace of water. The compound, although 
appearing to be reasonably stable chemically has been found in the structure 
determination to have labile water molecules of solvation which in conjunction 
with ionic chloride anions also act in a space-filling capacity in the structure.   
Results and Discussion.  
The asymmetric unit of hydrated EVP (1) contains two bipyridylium cations (A 
and B), four chloride anions and the two water species [O1W and O2W], with 
the second having 50% site occupancy (Fig. 2). The structure has pseudo-
symmetry with the A and B bipyridinium cation species largely related by (-x,  
-y + ½, -z). However, atoms of the phosphonic acid group do not have this 
relationship, being related by an (x + ½, -y  + ½, -z) operation. The two water 
molecules have the same major symmetry relationship while with the chloride 
anions, particularly Cl3 and Cl4, the -x operation is far from ideal [0.2364 (A) 
cf. 0.8106 (B)].  The combination of the differing phosphonic acid 
stereochemistry and the poorly related chloride anions would appear to preclude 
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the higher crystallographic symmetry. The two molecular halves of the 
bipyridinium species are rotated slightly out of planarity [C3-C4-C41-C51, 
 -163.4(4)
o
 and -164.0(4)
o
 for A and B respectively] but these values, together 
with those of both the ethyl and ethylphosphonic acid  substituent groups of 
both the A and B molecules indicate they are conformationally identical.  
INSERT  2:   Figure 1  (ORTEP plot with atom numbering schemes for 
EVP (1))             EVP1.TIF. 
The two protonated phosphonate O atoms of the cations are strongly associated 
with chloride anions [O11A-H…Cl1, 2.896(4) Å and O11B-H…Cl2, 2.889(4) 
Å] and intermolecularly through a hydrogen bond with the phosphonyl O 
acceptor of an adjacent EVP cation [O12A-H...O13B, 2.455(4) Å and O11B-
H...O13A
i
, 2.465(4) Å; symmetry code (i)  x + 1, y,  z]. This results in one-
dimensional chain structures which extend down the a axial direction in the unit 
cell (Figs. 2 and 3), with the bipyridinium ring systems layering down the c cell 
direction, effectively sandwiching the chloride cations.  
INSERT  3:   Figures 2, 3:  (Packing diagrams for EVP (1))    
Figure 2: EVP2.TIF and Figure 3 (EVP3.TIF). 
The two water molecules have significant labiliy as is in evidence particularly in 
the half site-occupancy of O2W but reflected by the elevated thermal 
displacement parameters of both water molecules. However, both are involved 
in an unusual association with the second set of chloride counter-ions (Cl3, Cl4) 
(Table 2), forming discrete hydrogen-bonded cyclic bis(Cl...water) dianion  
units [graph set R
2
4(8)] which may also be seen in Figs. 2 and 3. These contact 
ion pair bridging water units (CIPBW’s) [19, 20] act in a space-filling capacity, 
occupying the voids between the extended aromatic ring residues of the 
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bipyridylium dications in the step-polymer chains. The units are also located in 
the structure via weak aromatic ring C-H...Owater hydrogen-bonding associations 
e.g. C5A, C6A-H....O2W, 3.137(14), 3.000(15) Å; C5B, C6B-H....O1W, 
3.3636(17), 3.165(7) Å. Also, there are a number of weak aromatic C-H...Cl 
contacts [range, 3.409(5)-3.677(5) Å].  In the structures of the analogous 
paraquat dihydrates [15, 16] and trihydrate [17], although the water molecules 
are hydrogen bonded to and bridge chloride anions, they do not form the cyclic 
dianions as they do in 1.  The R
2
4(8) [X(H2)X]
2-
 structural unit (X = F, Cl, I) is 
relatively uncommon [21] but it has precedence in the crystallographic 
literature, e.g. in the hydrochloride hydrate of 8,9-difluoro-6-oxo-6H-benzo[c]-
quinolizine [22] and the hydrobromide hydrate of 1-methyl-1,3,5,7- 
tetraazaadamantane [23]. The principle of large ions stabilizing large counter-
ions in the solid state [24] is applicable in these examples as well as in the 
structure of 1. 
Conclusion 
The determination of the structure of the associative-group substituted viologen 
EVP has been possible because of the presence of water molecules which 
although labile act in a space-filling capacity in association with chloride ions, 
forming the unusual cyclic hydrate bridged dianion units. The one-dimensional 
and strongly hydrogen-bonded phosphonate chains found in the structure 
together with the layered bipyridinium ring systems sandwiching interstitial 
chloride anions may contribute to the unusual electron-transfer properties of this 
compound.  
Experimental 
Synthesis of 1.  The title compound 1 was synthesized using the procedure of 
Wilson [25].  An aqueous solution of N-ethyl-4, 4-bipyridine (5.86 g, 15.4 
 9 
mmol) and diethylbromoethyl phosphonate (4.35 cm
3
, 23.9 mmol) in H2O (40 
cm
3
) was refluxed for 48 hours. Concentrated HCl (40 cm
3
) was added to the 
reaction mixture and reflux continued for a further 48 hours. The reaction 
mixture was cooled to room temperature and the addition of acetone (250 cm
3
) 
afforded a white precipitate. The compound was isolated by vacuum filtration, 
washed with toluene, EtOH and (CH3)2CO and allowed to air dry. The 
precipitate was twice recrystallised from aqueous EtOH to yield 4.48 g (80%) of 
EVP as pale yellow scale-like crystals.  
1
H NMR (400 MHz, DMSO-d6, ): 1.58 (t, J = 7.28 Hz, 3H) CH3; 2.45 (m, unr, 
2H) CH2P; 4.73 (q, J = 7.28 Hz, 2H) 
+
NCH2CH3; 4.90 (m, unr, 2H)
 
+
NCH2CH2P; 8.84 (m, unr, 4H) H3,5, H3a,5a; 9.46 (m, unr, 4H) H2,6, H2a,6a. 
13
C NMR (100 MHz, D2O, ): 16.21 CH3; 29.83 (d, J = 132.98 Hz) CH2P; 
58.16 CH2CH2; 58.31 CH2; 127.58 C3a, C5a; 127.65 C3, C5; 145.85 C2a, C6a; 
146.31 C2, C6; 150.55 C4a; 151.11 C4. 
31
P NMR (162 MHz, D2O, ): 19.06. 
The pale yellow powder of EVP obtained was recrystallised from ethanol 
containing a trace of water giving colourless crystal plates of 1 (m.pt. 240
o
 C 
with decomposition, after darkening at ca. 200
o
 C). 
Crystallography.  
X-ray diffraction data for 1 was obtained at ambient temperature [297(2) K] on 
an Oxford Diffraction Gemini S Ultra CCD-detector diffractometer by using 
crystal monochromatized Mo Kα radiation (λ = 0.71073 Å). Data collection and 
reduction was achieved using CrysAlis CCD [26] and CrysAlis RED [27] and 
was corrected for absorption [20]. The structure were solved by direct methods 
using SHELXS97 [28]
 
and refined with anisotropic thermal parameters for all 
non-hydrogen atoms using SHELXL97 [28], operating within WinGX [29].
 
Hydrogen atoms potentially involved in hydrogen-bonding interactions were 
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located by difference methods and their positional and isotropic thermal 
displacement parameters were refined. Others were included in the refinement 
at calculated positions [C-H (aromatic) = 0.93 Å and C-H (aliphatic) = 0.97 Å] 
and treated as riding atoms. General crystallographic details are given in Table 
1. The atom numbering scheme employed for the two EVP cation species in the 
asymmetric unit (A and B) are shown in Fig. 1. Hydrogen-bonding associations 
in the chain structure are given in Table 2. 
Supplementary material 
 
CCDC  731679 contains supplementary crystallographic data for this paper. 
These data can be obtained free of charge via www.ccdc.cam.ac.uk/data 
request/cif by e-mailing datarequest@ccdc.cam.ac.uk, or contacting The 
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 Tables 
Table 1. Crystal data for compound 1. 
 
Compound                   1 
CCDC reference 731679 
Molecular formula C14H20.5Cl2N2O3.75P 
Melting point (
o
C) 240 
Mr 378.70 
Temperature (K) 297(2) 
Wavelength (λ) 0.71073 
Crystal system Triclinic 
Space group P-1 
a (Å) 7.2550(1) 
b (Å) 13.2038(5) 
c (Å) 18.5752(7) 
α (
o
) 86.495(3) 
β (
o
) 83.527(2) 
γ (
o
) 88.921(2) 
V (Å
3
) 1764.61(10) 
Z 4 
Dc (g cm
-3
) 1.426 
μ (mm-1) 0.476 
F(000) 790 
Instrument Oxford Diffraction 
Gemini S CCD-detector 
diffractometer 
Reflections total, θmax (
o
) 12,360, 25.0 
Crystal size (mm) 0.40 x 0.40 x 0.15  
Collection range: 
h 
k 
l 
 
  -8 to 8 
-15 to 15 
 -21 to 22 
Reflections (independent) 5,964 
Reflections [F
2>2 σ(F2)] 4,477 
Rint 0.022 
R1
a
 [F
2>2σ(F2)] 0.059 
wR2
a
 (all data) 0.202 
S
 a
 0.939 
np 438 
Residuals: Δmax./min (eÅ
-3
) 0.603/-0.518 
 
 
a
 R1 = (Σ |Fo| – |Fc| )/ Σ |Fo|);  wR2 = {Σ [w(Fo
2
 – Fc
2
)
2] / Σ [w(Fo
2
)
2
]}
½
 ;  S  = 
{Σ [w(Fo
2
 – Fc
2
)
2
] / (n-p)}
½
. 
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Table 2. Hydrogen-bonding interactions (Å/
o
.) for 1 
 
D-H…A D-H H…A D…A  DH..A 
O12A-H18A…O13B 1.00(12) 1.46(13) 2.455(4) 178(15) 
O11B-H18B…O13Ai 0.96(11) 1.50(10) 2.464(4) 179(14) 
O11A-H17A…Cl1 0.92(6) 1.99(6) 2.896(4) 174(5) 
O11B-H17B…Cl2 0.94(5) 1.95(5) 2.889(4) 176(5) 
O1W-H11W…Cl3ii 0.90(9) 2.45(9) 3.354(5) 179(11) 
O1W-H12W…Cl4iii 0.90(9) 2.45(9) 3.355(5) 179(11) 
O2W-H21W…Cl3iv 0.91(8) 2.41(7) 3.319(4) 180(9) 
O2W-H22W…Cl4v 0.91(8) 2.37(7) 3.275(5) 179(11) 
 
Symmetry codes: (i)   x + 1,  y,  z; : (ii)   -x + 1, -y + 2,  -z + 2; (iii)  -x + 2, -y + 
1,  
 -z + 1; (iv)  -x, -y + 2, -z + 1; (iv)
 
 -x + 1, -y + 1,  -z.  
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Figures 
 
Figure 1. Molecular configuration and atom numbering scheme for the two 
substituted 4,4’-bipyridylium cations (A and B), the four chloride anions and the 
two water species [O1W and O2W (at 50% site occupancy)] in the asymmetric 
unit of 1. Non-hydrogen atoms are shown as 40% probability displacement 
ellipsoids [30], with inter-species hydrogen bonds shown as dashed lines. 
 
Figure 2. A perspective view of the phosphonic acid-linked one-dimensional 
 chain structure of 1 which extend down the approximate b cell direction of the 
 unit cell. Hydrogen-bonding associations are shown as broken lines. For 
 symmetry code 
vi
: x + 1,   y,  z + 1; 
vii
: x - 1,   y,  z - 1.  .For other codes, see 
 Table 2. 
 
Figure 3. A view of the chain structure of 1 viewed down the a cell direction, 
showing the interstitial cyclic hydrogen-bonded bis(chloride...water) dianion  
units. 
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